We investigated the diversity, cophylogenetic relationships, and biogeography of hoplopleurid sucking lice (Phthiraptera: Anoplura) parasitizing rodents (Muridae: Sigmodontinae) in the Manu National Park and Biosphere Reserve. Our morphological and molecular studies reveal that 15 distinct louse species parasitize 19 rodent species. Three of these louse species are new to science, and all but two of the host associations were previously unknown. We find that hoplopleurid lice in South America parasitize multiple host species across a large geographic area, and that Peru represents a new geographic locality for almost all the louse species collected in the present study. Phylogenetic analyses of mitochondrial and nuclear data reveal that the louse family Hoplopleuridae and the genera Hoplopleura and Pterophthirus are not monophyletic, and lice do not appear to group by host tribe, collecting locality, or collection elevation. The lack of monophyly for these apparently natural groups (taxonomic, locality, and elevation) indicates that host switching with or without parasite speciation may be prevalent among hoplopleurid lice.
INTRODUCTION
The Manu National Park and Biosphere Reserve in southeastern Peru is one of the richest biodiversity regions in the world, largely due to its physical location in central Amazonia and its elevational heterogeneity. This reserve includes the eastern slope of the Andes and adjacent Amazonian lowlands, resulting in an elevational gradient of 3000 m and a wide diversity of habitats (from lowland tropical forests to montane cloud forests; Tantaleán & Chavez, 2004; Patterson, Stotz & Solari, 2006a, b) . Despite the documentation of more than 190 species of mammals and 900 species of birds within this region (Pacheco, 2003; Fitzpatrick, unpubl. data) , much remains to be learned about the biodiversity found within the Manu Biosphere Reserve.
Rodents, specifically muroid rodents, account for over 40% of all mammal diversity (Weksler, 2003; Jansa & Weksler, 2004; Wilson & Reeder, 2005) and the sigmodontine rodents are the most diverse subfamily-level mammal clade in the Neotropics with over 70 genera and 350 species (Musser & Carleton, 1993 Weksler, 2003; D'Elia et al., 2006; Weksler, Percequillo & Voss, 2006) . Excluding bats (Chiroptera), sigmodontine rodents belonging to the tribes Oryzomyini, Akodonini, and Thomasomyini encompass the majority of the mammal species found within the Manu Biosphere Reserve (Solari et al., 2006) . Comparatively little is known about the parasitic fauna of these rodent groups. Although diverse parasite faunas have been recorded from other Neotropical hotspots, such as Panama and Venezuela (Wenzel & Tipton, 1966; Tipton & Handley, 1972) , Peru is arguably the least known given its species richness and diversity of potential vertebrate hosts. In particular, sucking lice (Phthiraptera: Anoplura) infesting mammals from the tropical Andes are one of the least well known groups of parasites.
Members of the Anoplura (sucking lice) are bloodfeeding obligate ectoparasitic insects, some of which have medical and veterinary significance as parasites, pests, and vectors of animal and human disease agents. Sucking lice are distributed worldwide and, for the most part, are highly host-specific, occurring on most major groups of eutherian mammals. Approximately 550 species of Anoplura have currently been described, with the majority (71%) collected from rodents (Kim, 1988 ; V. S. Smith & J. E. Light, unpubl. data) . Lice belonging to the genus Hoplopleura Enderlein (family Hoplopleuridae; 150 species) almost exclusively parasitize rodents, with half of all species recorded from a single rodent host species. Although a high degree of host specificity is often expected from obligate parasites, multi-host parasitism is relatively common among lice (Banks & Paterson, 2005 ; V. S. Smith & J. E. Light, unpubl. data) and may arise through various biological processes (e.g. host switching, failure of the parasite to speciate) or artefacts of taxonomy (e.g. cryptic speciation). Untangling the complex associations between Hoplopleura and their rodent hosts requires a detailed study of their distribution, taxonomy, and phylogeny. Although there have been several recent studies of Sigmodontinae relationships (D'Elia, Gonzalez & Pardinas, 2003; Weksler, 2006; Weksler et al., 2006) , no such studies exist for Hoplopleura. Indeed, no more than 20 species of Anoplura have ever been studied phylogenetically, making it impossible to establish the factors that might explain deviations from host specificity observed within this group of rodent lice.
In the present study, we provide a preliminary assessment of the diversity of sucking lice parasitizing rodents found within the Manu Biosphere Reserve. We concentrate our diversity assessment on the hoplopleurid lice parasitizing sigmodontine rodents, specifically the tribes Akodontini, Oryzomyini, and Thomasomyini, although sucking lice were also examined from additional rodent families (Sciuridae, Echimyidae, and Caviidae). These data provide a baseline inventory of rodent Anoplura in the Manu Biosphere Reserve. In addition, we examine host associations, louse cophylogenetic relationships, and biogeographic data to provide a preliminary assessment of the cophylogenetic patterns between these lice and their Neotropical rodent hosts. These findings are examined in light of other cophylogenetic studies on parasitic lice to consider possible explanations for patterns of host specificity exhibited by anopluran species infesting rodents.
MATERIAL AND METHODS

COLLECTING AND SAMPLE PREPARATION
In a series of three annual trips between 1999 and 2001, ectoparasites were collected from rodents at a series of eight field sites (Fig. 1) within the Manu Biosphere Reserve. A full account of these trips and details on the collection localities are provided elsewhere (Patterson et al., 2006a) . Hosts were fumigated in ethyl ether to immobilize ectoparasites, and then a stiff brush was applied to the host pelage to loosen ectoparasites adhering to the fur. All collected ectoparasites were placed in 95% ethanol for future sorting and identification. Lice were identified to genus using a dissecting microscope, and stored at -70°C.
Louse diversity was assessed by morphological identification of lice collected from each host species across the reserve (Table 1) . Male and female lice (if both were present) were cleared using 10% KOH and mounted on slides in Canada Balsam using standard louse preparation protocols (although xylene, rather than clove oil, was used to fix the lice; Palma, 1978) . Subsamples of lice from the same hosts were chosen for molecular work (Table 1) using louse-specific protocols (Cruickshank et al., 2001; Johnson & Clayton, 2003) and the DNeasy Tissue Kit (Qiagen Inc.) to isolate genomic DNA from each louse. After DNA extraction, lice were retained as vouchers and mounted on slides as explained above, although the 10% KOH treatment was omitted because specimens were cleared during the extraction process. After lice were mounted on slides, they were identified to species with the aid of a compound microscope (Olympus BH-2 phase contrast; ¥40 to ¥400) and by comparison with the literature (Johnson, 1972; Castro, 1979 Castro, , 1982 Castro, , 1984 Castro & Gonzalez, 1997; González-Acuña, Castro & MorenoSalas, 2003; González-Acuña et al., 2005) and previously identified, cleared, slide-mounted specimens.
AMPLIFICATION AND SEQUENCING
DNA extractions were used in polymerase chain reaction (PCR) amplifications of portions of two genes: the mitochondrial cytochrome c oxidae subunit I (CO I; 387 bp) and the nuclear elongation factor 1-alpha (EF1a; 351 bp) genes. The primers L6625 and H7005 (Hafner et al., 1994) and EF1-For1 and EF1-Cho10 (Danforth & Ji, 1998) were used to amplify CO I and EF1a, respectively, using protocols described in Johnson & Clayton (2000) . PCR clean-ups and sequencing reactions were performed according to Light & Hafner (2007a) . Sequences were edited using Se-Al Sequence Alignment Editor, version 2. 0a11 LOUSE DIVERSITY, PHYLOGENETICS, AND COSPECIATION 599 (Rambaut, 2002) and aligned by eye. Primer sequences were removed and sequences were trimmed in reference to the translated protein sequence. All sequences were deposited in Genbank (EU375756-EU375776 for CO I and EU375777-EU375797 for EF1a). Exemplars of louse suborders closely related to Anoplura [Bovicola bovis (Linnaeus) and Felicola subrostratus (Burmeister), Phthiraptera: Ischnocera, and Haematomyzus elephantis Piaget, Phthiraptera: Rhynchophthirina] were chosen as outgroup taxa in the phylogenetic analyses (Genbank Accession Numbers AF38009, AF545680, and AF545700 for CO I; AF385028, AF320370, and AF320398 for EF1a).
PHYLOGENETIC ANALYSIS
Each louse specimen represented in the phylogenetic and cophylogenetic analyses was treated as a unique taxonomic unit, sensu Page et al. (2004) . Phylogenetic analyses of a combined CO I and EF1a dataset for 27 taxa (Table 1) were performed using maximum parsimony (MP), maximum likelihood (ML), and Bayesian approaches. PAUP*4.0b10 (Swofford, 2003) was used to perform equally weighted MP searches with 100 random addition replicates and tree-bisectionreconnection branch swapping. To assess nodal support, nonparametric bootstrap analyses (500 pseudoreplicates and ten random sequence addition additions per replicate) were performed (Felsenstein, 1985) .
To generate the best ML tree, MODELTEST, version 3.7 (Posada & Crandall, 1998) was used to examine the fit of 56 models of nucleotide substitution to the sequence data. Models of evolution providing the best approximation of the data using the fewest parameters were chosen for subsequent analyses according to the Akaike Information Criterion (Huelsenbeck & Rannala, 1997; Posada & Buckley, 2004 ). The TIM model (a transitional general time reversible model), including among-site rate variation and invariable sites (TIM+I+G; Yang, 1994; Gu, Fu & Li, 1995) , was chosen as the best model of evolution for the combined dataset. Full heuristic ML and bootstrap searches (200 pseudo-replicates) were conducted using the preferred model in PAUP* 4.0b10 (Swofford, 2003) .
Bayesian phylogenetic analyses were performed using MrBayes 3. (Table 1) . Haematopinus tuberculatus -GLA.M01*
Bubalus bubalis
Hoplopleura sciuricola -GLA.M120*
Sciurus carolinensis
Hoplopleura trispinosa -GLA.M29*
Glaucomys volans
Linognathoides marmotae -CF01.01* , † †
Marmota flaviventris
Linognathoides marmotae -GLA.M42* Marmota sp.
Linognathus africanus -GLA.M06* , † †
Capra hircus
Linognathus ovillus -GLA.M09* , † †
Ovis aries
Louse specimens are grouped by host taxonomy and followed by host museum number (all are from the Field Museum of Natural History; FMNH). Asterisks indicate taxa included in the molecular analyses. All collection localities are in Peru and shortened specific localities are in accordance with Patterson et al. (2006b) ; full specific localities are available from the FMNH database. Accession numbers for additional outgroup louse taxa correspond to the Glasgow University Louse Specimen Database (LouseBASE; GLA.M) †Hoplopleura multilobata -175222 (from Euryoryzomys) was sequenced only for the EF1a gene. ‡Hoplopleura brasiliensis -175181 was sequenced only for the CO I gene, whereas Hoplopleura brasiliensis -175193 was sequenced only for the EF1a gene.
Because these louse specimens parasitize the same host species (Hylaeamys megacephalus) from the same host locality, they are treated as a singular specimen and only Hoplopleura brasiliensis -175193 is listed in the phylogenetic and cophylogenetic trees. §Hoplopleura multilobata -172332 (from Nephelomys keaysi) was sequenced only for the EF1a gene. ¶Due to insufficient material, these louse specimens could not be identified. **This louse association likely reflects a straggler or contamination. † †These specimens were sequenced only for the CO I gene.
sampled at intervals of 1000 generations. To avoid entrapment on local optima, two independent Bayesian analyses were run and log-likelihood scores were compared for convergence (Huelsenbeck & Bollback, 2001; Leaché & Reeder, 2002) . Log-likelihood scores of sample points were plotted against generation time to assess stationarity and all burn-in points (the first 5000 trees) were discarded. The retained equilibrium samples were used to generate a 50% majority rule consensus tree with the percentage of samples recovering any particular clade representing that clade's posterior probability. The executable file of louse data is available at TreeBASE (http://www.treebase.org; study accession number S2002). Alternative phylogenetic hypotheses were compared statistically using the Kishino-Hasegawa and Shimodaira-Hasegawa tests as implemented in PAUP*4.0b10 (MP and ML analyses using resampling estimated log-likelihood optimization and 1000 bootstrap replicates; Kishino & Hasegawa, 1989; Shimodaira & Hasegawa, 1999; Goldman, Anderson & Rodrigo, 2000) .
COMPARISONS WITH HOST TREE
Coevolutionary comparisons included only the ingroup louse taxa and their respective rodent hosts (Sigmodontinae, Sciuridae, Caviidae, and Echimyidae; Table 1 ). Host and parasite trees were assessed for similarity using tree-based methods, which consider similarities between trees as possible instances of codivergence. These methods compare only the branching structure of host and parasite trees to determine whether more codivergence events are present than would be observed by chance. Host trees were compiled from the literature (D'Elia et al., 2003; Pacheco, 2003; Weksler, 2003; Herron, Castoe & Parkinson, 2004; Steppan, Storz & Hoffman, 2004; Weksler, 2006; Weksler et al., 2006) in accordance with the taxonomy of Weksler et al. (2006) and conservatively using the hystricomorph rodents (Caviidae and Echimyidae) as the base of the rodent tree (current data suggest a polytomy among major rodent lineages; Bininda-Emonds et al., 2007) . Because of the basal polytomy among the three sigmodontine tribes (M. Weksler, pers. comm.), three different analyses were performed, each using a different combination of two of the three host tribes (Akodontini and Oryzomyini; Akodontini and Thomasomyini; and Oryzomyini and Thomasomyini). Only the parasite tree resulting from ML analysis was chosen for comparison with the host tree.
Two tree-based methods were used to test for phylogenetic congruence between host and parasite trees: reconciliation analysis (TREEMAP 2.0b; Page, 1994; Charleston, 1998; Charleston & Page, 2002) and generalized parsimony (TREEFITTER 1.0; Ronquist, 1995 Ronquist, , 2000 Ronquist, , 2003 . Reconciliation analysis, as implemented in TREEMAP 2.0b, was used to find the least costly reconstruction of host-parasite relationships at the same time as maximizing the number of cospeciation events. The default settings of TREEMAP were used (assigning a cost of zero for cospeciation events and a cost of 1 for host switches, losses, and duplications). The parasite tree was randomized 100 times and the observed number of cospeciation events was compared with the resulting null distribution of cospeciation events to determine whether the number of cospeciation events recovered from the reconciliation analysis was significant. Generalized parsimony, implemented in TREEFITTER 1.0, was used to reconcile host and parasite phylogenies by searching for the minimum cost reconstruction under various event cost assignments for each historical event (cospeciation, duplication, extinction, and host switching). Host-parasite relationships were reconstructed in TREEFITTER using the same cost assignments as in TREEMAP to estimate overall cost and frequency of each event. To assess the significance of the historical reconstruction, the host tree was randomized on the parasite tree with 1000 random permutations (generated by a Markov process) of parasite tree terminals.
RESULTS
LOUSE DIVERSITY AND HOST ASSOCIATIONS
Although not all louse specimens could be identified due to insufficient material, 15 definitive louse species were found parasitizing 19 rodent species in the Manu Biosphere Reserve (considering the two Neacomys Thomas specimens to be the same species; Table 1 ). Three of the 15 louse species are new to science. On the sigmodontine rodents alone, ten distinct Hoplopleura species were found and all except for two [Microryzomys minutus (Tomes) and Nectomys squamipes (Brants)] represent new host associations (see Appendix, Table A1 ). Cavia tschudii Fitzinger and Thomasomys oreas Anthony also represent new host associations for Pterophthirus imitans Werneck. Peru, specifically the Manu Biosphere Reserve, represents a new geographic locality for all previously described hoplopleurid species except Hoplopleura aitkeni Johnson, Hoplopleura quadridentata (Neumann), and Hoplopleura sciuricola Ferris (see Appendix, Table A1 ).
PHYLOGENETIC ANALYSES
Of the 738 characters examined, 294 bp were potentially parsimony informative. MP analysis produced one most parsimonious tree (length, 1613; consistency index = 0.368; retention index = 0.448; rescaled con-LOUSE DIVERSITY, PHYLOGENETICS, AND COSPECIATION 603 sistency index = 0.165; Fig. 2A ). ML and Bayesian analyses yielded nearly identical trees ( Fig. 2B ; Bayesian topology available upon request) that differed only in lack of resolution at two terminal nodes. These trees differed from the MP tree only in the placement of Pterophthirus imitans -170718, which was located more basally in the MP tree ( Fig. 2A) . All analyses showed strong support for monophyly of Anoplura (MP bootstrap, 99; ML bootstrap, 80; Bayesian posterior probability = 100; Fig. 2 ). However, bootstrap support within these trees was generally lacking especially at more terminal nodes (Fig. 2) . Monophyly of Hoplopleuridae, Hoplopleura, and Pterophthirus Ewing is not supported, and constraining these groups to be monophyletic yielded trees with likelihood scores that were significantly worse than the best tree (all KH and SH tests P < 0.0001).
COPHYLOGENETIC ANALYSES
Because Hoplopleuridae is not monophyletic, Linognathoides Cummings (Fig. 2) was included in all cophylogenetic comparisons. Reconciliation and general parsimony analyses using TREEMAP 2.0b and TREEFITTER 1.0 detected significant cophylogeny between lice and their hosts for all combinations of host tribal relationships (P < 0.05; Fig. 3 , Table 2 ) and higher-level rodent relationships (current data suggest a polytomy among major rodent lineages; Bininda-Emonds et al., 2007) .
DISCUSSION
Our preliminary assessment of sucking louse diversity (using morphological identifications and molecu- Figure 2 . Phylogenetic relationships among rodent lice from the Manu Biosphere Reserve based on sequence data from the mitochondrial cytochrome c oxidase subunit I and the nuclear elongation factor 1-alpha genes. A, maximum parsimony phylogram with parsimony bootstrap support values greater than 50% indicated at the nodes. B, maximum likelihood phylogram with Bayesian posterior probabilities and likelihood bootstrap support values greater than 50% indicated at the nodes. Host and parasite names are followed by museum specimen number (Table 1) . lar work) reveals that louse diversity within the Manu Biosphere Reserve is high (15 species), and notably includes three species previously unknown to science. The discovery of these new species within a relatively small geographic area (compared with all of Peru or the Neotropics) suggests that additional sampling will uncover more louse species, some of which are likely to be undescribed. The Manu Biosphere Reserve is therefore a biodiversity hotspot not only for vertebrate taxa (Patterson et al., 2006a, b) , but also for invertebrate taxa (Tantaleán & Chavez, 2004;  present study) and additional studies are necessary to determine the true diversity within this region. Although we found that there were almost equal numbers of louse and rodent species, a review of the literature shows that none of the hoplopleurid species examined as a part of the present study are host specific (not including the three new species; see Appendix, Table A1 
Microryzomys minutus
H. aitkeni (174952) H. aitkeni (170516) H. aitkeni (175017) H. sciuricola (GLAM47) H. sciuricola (GLAM120) H. rimae (170569) H. tiptoni (175243) H. rimae (175034) H. fonsecai (175207) H. n. sp2 (170689) H. brasiliensis (175193) H. travassosi (175102) H. quadridentata (175197) H. multilobata (172332) H. multilobata (172246) Pterophthirus imitans (170718) H. trispinosa (GLAM29) Linognathoides marmotae (CF01.a) Linognathoides marmotae (GLAM42) Pterophthirus splendida (170726) Proechimys simonsi Table A1 ) was greater than expected by chance (P < 0.05). TREEFITTER Akodontini and Oryzomyini 10 † 7-9* 0 0-2 8-10 -Akodontini and Thomasomyini 6 † 6* 0 0 6 † -Oryzomyini and Thomasomyini 9 † 6-9* 0 0-3 6-9 † -TREEMAP and TREEFITTER results are given for all three combinations of host tribal relationships (Akodontini, Oryzomyini, and Thomasomyini). Columns show the cost, number of each event type necessary to reconcile the host and parasite trees, and the number of equally probable reconstructions. The full comparison including all louse and rodent taxa is shown in Fig. 3 . *The observed value is significantly greater than that for randomized trees (P < 0.05). †The observed value is significantly less than that for randomized trees (P < 0.05).
Coues, respectively), whereas the majority of Hoplopleura species parasitize multiple host genera. Table A1 ). In addition to data from the literature and the findings from recent collections, an examination of the molecular data can also elucidate potential causes of multi-host parasitism among hoplopleurid lice. Phylogenetic analyses of the mitochondrial CO I and nuclear EF1a data reveal that the louse family Hoplopleuridae and the genera Hoplopleura and Pterophthirus are not monophyletic, and lice do not appear to group together by host tribe (e.g. Oryzomyini or Thomasomyini) collecting locality or elevation (Fig. 2, Table 1 ), regardless of how the data are analyzed. The lack of monophyly for these apparently natural groups (taxonomic, locality, and elevation) indicates that failure of lice to speciate and host switching may be prevalent among hoplopleurid lice. Additionally, louse individuals belonging to the same species are monophyletic (H. aitkeni, H. multilobata, Hoplopleura rimae Johnson) regardless of which host species they parasitize (Fig. 3, Table 1 ), which further supports host switching (H. multilobata) and failure to speciate (H. aitkeni and likely H. rimae) of hoplopleurid lice in the Manu Biosphere Reserve.
Although the use of two molecular markers together yielded an enhanced phylogenetic signal than when either dataset was analyzed independently (data available upon request), bootstrap support was often very low (Fig. 2) . This low support may be due, in part, to the high genetic diversity observed in both of these genes. In the CO I gene, for example, uncorrected p distances average 14% within H. aitkeni specimens, 13% within H. tiptoni and H. rimae specimens, and 18% within Hoplopleura brasiliensis Werneck, H. fonsecai, H. travassosi, and Hoplopleura sp. nov. 2. Recent louse studies using mitochondrial markers have found genetic divergences up to 18% within species (Johnson et al., 2002; Light & Hafner, 2007a) and approximately 20% between species (Johnson et al., 2002 (Johnson et al., , 2003 Reed et al., 2004; Light & Hafner, 2007a, b) . The genetic divergences within Hoplopleura species therefore appear to be typical for lice, and a lack of topological support may be the result of other factors such as those related to taxon and gene sampling. In common with many other cophylogenetic studies of parasitic lice, the difficulties of specimen collection mean that taxon sampling is not high and molecular markers could not be obtained from all louse taxa (Table 1) . Additional sampling, data collection, and analysis will be necessary to improve support in the phylogenetic trees.
Despite the significant diversity (both taxonomic and genetic) of hoplopleurid sucking lice in the Manu Biosphere Reserve, it is surprising that these lice show a significant pattern of cophylogeny with their rodent hosts (Fig. 3, Table 2 ). In general, cophylogenetic studies of lice tend to find a strong positive association between the degree of host specificity and patterns of phylogenetic congruence between host and associate trees (Clayton & Johnson, 2003; J. E. Light & M. S. Hafner, 2008) . In the present study, it is interesting to note that, although both TREEMAP and TREEFITTER find significant numbers of codivergence events, these methods also find large numbers of other historical events such as parasite duplication, extinction, or host switching (Table 2) . It is possible that the significance of both sets of events may be a statistical anomaly caused by the small number of taxa (less than 20 for all comparisons) included in each analysis. Alternatively, a significant pattern of codivergence may be a real pattern within this assemblage. Future studies involving more taxa as well as a better-resolved host tree will be necessary to verify these results.
This preliminary assessment of hoplopleurid lice from the Manu Biosphere Reserve indicates that these louse taxa are highly diverse and parasitize multiple host species across a large geographic area. Taxonomically, we found a lack of monophyly of a family of 150 species (Hoplopleuridae) as well as the genera Hoplopleura and Pterophthirus. These results are not too surprising given that the present study is one of only a handful of molecular assessments of anopluran taxonomy (Reed et al., 2004 (Reed et al., , 2007 Light & Hafner, 2007a) . Future phylogenetic studies using both molecular and morphological data are therefore vital to better understand relationships within this louse suborder and relationships between lice and their rodent hosts. With a better understanding of taxonomy, we can then obtain better estimates of louse diversity from regions all over the world.
